Permit me instead to trace the career during this same time of another young man, also a student of medicine. Born in the city of Pisa, he entered the medical school of its University in the year 1 58 1. His attention soon turned, however, to mathematics and physics. Euclid and Archimedes were quickly mastered, and so great became his proficiency that in 1589 he found himself lecturer in mathematics in the very university which he had entered eight years earlier with the intention of becoming a physician.
phenomenon to measure a physical one; and then having established the more general physical principle, he reversed the procedure by constructing a pendulum clock and using it to measure the rate of beat of the pulse.
These physical reflections directed his thought to the physics of Aristotle. One theorem in particular, that referring to the motion of the projectile, greatly interested him. According to Aristotle, force is that which produces motion or velocity. Certainly this definition of force seems to be confirmed over and over again in our experience. When one brings force to bear upon a table in pushing it the table moves; and when one ceases to push, the table ceases to move. But in the case of the projectile this definition is not confirmed. The force has ceased to act the instant the explosion of the powder in the cannon has occurred, yet the projectile continues on its way. Evidently something is wrong with the fundamental assumptions of Aristotle's physics.
Within a few years our young man has found the correct theory and verified its deductive consequence in the famous experiment upon the rolling ball on the indined plane. Henceforth, force is that which exhibits itself not as motion but as alteration of speed of motion, or as acceleration. From this it follows that if a force ceases to act upon a body, the body will not cease to move, it will merely cease to change its velocity. Hence, after the explosion of the powder, the projectile in the cannon will not cease to move, it will merely cease, except as it is accelerated toward the ground by gravitation, to alter its velocity.
But the explosion of powder associated with this projectile is as nothing compared with the explosion of ideas entailed by the revision of physical and philosophical theory necessary to clarify this simple phenomenon. With a single stroke our ex-medical student has made the doctrine of natural places unnecessary in physics and, thereby, has banished the Aristotelian doctrine of final causes from the entire physical world. For what Galilei has shown to be true for the chandelier in the Pope's cathedral at Pisa and for the projectile in the Duke's cannon at Florence, Newton, using little more than Galilei's ideas, has demonstrated to be equally valid for all the motions in God's heavens. Given the masses in absolute space with their inertial tangential constant velocities and their accelerated motion perpendicular thereto, and the future natural pla'ces follow necessarily by mechanical causation. As Laplace put it, if an all-seeing Providence were provided with a knowledge of the position and velocities of all the particles in the universe at a given instant of time, He could, with the discoveries of our young Pisan, as formulated deductively by Newton, predict the future of the universe to the minutest detail.
It is not superfluous to note that Laplace's indusion of the Deity is not entirely irrelevant. There is the little matter of mathematical calculations. But of this, more later.
For the present, let us concentrate upon the principle of the thing. The major point is that Galilei's new definition of force makes it possible for Newton, by purely material and mechanical causation, to deduce not merely the future natural places but also Copernicus' and Kepler's circular and elliptical geometrical formal causes by means of which bodies arrived at those natural places. Not merely final but also formal causes are banished from the physical world. Veritably a new philosophy must take command over the minds of men.
One would wish that every young man who feels himself constrained to sever his connection with a medical school might depart for so good a reason. Need we wonder that our young Pisan finds himself called in 1592 to the University of Padua where, let it be emphasized, he remained until 1609. It is reported that while there he lectured to audiences of thousands upon the new mechanics. Rumor has it also that whereas he, as Professor of Mathematics, received the munificent salary of 180 florins, the Professor of Philosophy and Civil Polity received a stipend of 1680 florins, a token of the relative respect for natural as opposed to moral philosophy, which I trust you as medical men will permit me, a natural philosopher, to join with you in deploring. Our only solace is to hope that the eighty florins went for Civil Polity and the sixteen hundred for Philosophy; but our knowledge of the ways of faculties of law in these matters, in the sixteenth century, is such as to permit us to add to our hopes considerable charity but very little faith.
Although justice thus often fails to harvest the fruits of her labours in the Treasurer's Office, we would still believe that she preserves her rule in those things which are truly great. With this pretty sentiment our thoughts return to the medical student from England whom, in following the high fortunes and cruel fate of his Italian colleague, we have almost forgotten. Perhaps it is a mere coincidence, but look at the dates. William Harvey in Padua from 1597 to 1602. Galileo Galilei in Padua during the same period lecturing to audiences of thousands upon the new mechanics. It is difficult to believe that a mind as acute as Harvey's would have failed to hear and to sense the significance not merely for physics but also for physiology.
No more final or formal causes in the theory of material objects.
Descartes before this idea drew the obvious conclusion. Biology, since it is concerned with the bodies of organisms, must appeal solely to mechanical causes. Recall also Galilei's association of the physiological pulse beat with a physical principle in his reflections upon the swinging lamp at Pisa. It would be natural for him to refer to this in his lectures at Padua. Perhaps Harvey heard and sensed its wider meaning.
In any event, and this is the important fact, some fourteen years later, Harvey in his lectures on the motion of the heart and blood makes the first application of the mechanical ideas of Galilei to a gross physiological process. What Descartes had indicated for biology in general, Harvey demonstrated in particular for a specific physiological system. Such, very roughly, is the first bearing of modern physics upon biology and medicine.
But the influence of Galilei's and Newton's mechanics was not to end at this point. In order to bring more and more irregularities in the motions of the heavenly and terrestrial bodies under the regularities of Newton's principles, it became necessary to consider not merely the gross observable masses but also the unobservable atomic constituents of these masses. Thus, in the eighteenth century, Laplace explicitly formulates Newton's Physics in terms of the kinetic atomic theory. At the same time, he is working with his friend Lavoisier upon the relation between oxygen intake, carbon dioxide exhalation, and the thermal concomitants of metabolism. Again the physicist and the physiologist have joined hands to illuminate the processes of life by means of physical principles and experiments.
But this success of Laplace and Lavoisier in pursuing an essentially thermo-dynamical as well as chemical analysis some thirtyfour years before their fellow countryman, Sadi Carnot, was to make the science of thermo-dynamics in part articulate, was possible only because Lavoisier the chemist had clarified the theory of combustion so as to place the subject of chemistry upon a scientific basis.
The story is well known. Sensing the r8le of unobservable gases in chemical transformations, he followed them on scale pans with closed containers. The result is the discovery that combustion is not the destruction of the matter burned but the combination of it with invisible gas within the container. By placing carbon beside the burned material and then heating, the carbon disappears to produce another invisible gas called carbon dioxide and to give the original unburned material back again. This is miracle enough but even so the more remarkable fact remains: throughout the many transformations the scale pan does not move, the total weight of the entire system remains constant. In short, when Priestley identifies the invisible gas in the container as oxygen, Lavoisier has discovered, not merely that combustion is the mere combination of oxygen with the matter burned, but also the principle of the conservation of mass. of a living thing in time depends upon the exact reverse of what occurs in the stone. The stone persists because the bonds between its atoms remain unbroken, whereas a living creature simply cannot exist unless the bonds between its complex materials are in continuous flux. By some remarkable means nature in a living organism has built gross stability out of chemical instability. In the words of J. S. Haldane, "Protoplasm is something which from the physical and chemical standpoint is excessively unstable. . . . Yet this unstable mechanism reacts in the human body, hour after hour, day after day, true as tempered steel."* Here resides a paradox. I shall put it as sharply as possible. To be a recognizable individual thing persisting in time, anything must preserve a constant form, i.e., a relation between its atomic parts which is approximately changeless and unbroken; yet to be a living thing this relatedness must be in constant flux. In short, the relatedness of the atoms must be broken and unbroken at one and the same time, a contradiction in terms. This contradiction is the crux of the fundamental problem of biological science,-the problem of organization, first indicated centuries ago by Hippocrates of Cos and reemphasized again in more recent times by Claude Bernard and countless others.
Nevertheless, the beginnings of an answer to this problem are suggested by Lavoisier. Return again to the carbohydrates which are burned in the body. Lavoisier notes that they come directly or indirectly from plants. Even when we eat meat we are merely eating plants by circumlocution, for directly or indirectly all animals live off plants. Thus, in the last analysis, we are all vegetarians. Did he but know his Lavoisier, our vegetarian friend would realize that all his propaganda is unnecessary, since Nature has already made the whole animal world converts to his religion necessarily, and that he, in attacking meat eaters, has missed the universal truth of his doctrine by directing attention to the relatively irrelevant point concerning whether one eats vegetables mediately or immediately.
But from what source, asks Lavoisier, do plants derive their materials to produce these carbohydrates which animals take in as food? Again the answer is tied up with oxygen and carbon dioxide. In fact, the chemical reactions are the reverse of what occurs in animals. Taking in materials from the soil and carbon dioxide from the atmosphere, the plant produces carbohydrates and breathes out oxygen. In this manner Lavoisier discovers the reciprocal chemical processes involved in the dependence of animal life upon plant life.
But even here his insight does not end. Plants are the product of a process of creation out of inorganic materials from earth and air. Concerning this process Lavoisier has no delusions. One does not get something for nothing. What is taken away from the inorganic realm must be put back again. There is the cycle from plant to animal to plant. There is also the cycle from earth and air to life to earth and air again. Note his own words: "Plants draw from air, water and the mineral kingdom the necessary materials of their organization. Animals nourish themselves from vegetables or animals thus fed. Thus all comes from air and the mineral kingdom. Fermentation, putrefaction and decay are putting back into the mineral kingdom those principles which organisms have taken from it."
Were we to-day rewriting this statement in the light of our increased knowledge, we could add to it by way of supplementation but one word. That word would be energy.
The account of how this concept has come to take on scientific interest is the story of the third major bearing of modern physics upon biology and medicine. It centers around two dates which are easy to remember, 1824 and 1842.
Eighteen hundred and twenty-four marks the year when Sadi
Carnot discovered the principle which later came to' be called the second law of thermo-dynamics. Eighteen hundred and forty-two marks the date when Meyer, a German ship doctor on a Dutch boat running to the Tropics, discovered the first law of thermo-dynamics. Paradoxically enough, the law which is first theoretically is second temporally. Energy may be defined as that which has the capacity to do work. The first law asserts that although this capacity exhibits itself in many forms-mechanical, thermal, chemical, electrical, etc.-which are continuously going over into one another, the total amount of the capacity to do work-in the universe never increases or decreases. The second law divides this total constant amount of energy in any isolated system into two parts: an undissipated part and a dissipated part, and then asserts that the amount of the former is continuously decreasing and that of the latter continuously increasing.
If one prefers, following Clausius, to substitute the word entropy for the expression "dissipated energy" then the second law reads: "The entropy of the universe tends towards a maximum." This is one of the most important laws in modern science. Upon it Willard Gibbs reared his monumental work on physico-chemical systems.
Its relevance for biology is none the less significant. The growth and maintenance of any organized system requires work to be done upon the atomic components of that system, and energy to be available to do that work. When the second law informs us that in any system left to itself the amount of undissipated energy capable of doing such work is continuously decreasing, it follows, if living organisms are to grow and maintain their organization as they most certainly do, that energy in an undissipated form must come into them from outside. The second law forces us to inquire, therefore, concerning the external source of this energy which makes the existence of living things possible.
In the case of animals, Lavoisier has already given us the answer. The external supply of undissipated energy enters the animal from plants in the form of food. The scientific basis for the requirement placed upon all animal life that it must eat or perish is the second law of thermo-dynamics.
In Our amendment to Lavoisier's account of the inorganic foundation of organic life is now more complete. In addition to atomic matter within and without the organism there is energy, energy in an undissipated form pouring from the sun into the local dynamic constellation of atoms to compensate the otherwise devastating effects of the second law of thermo-dynamics. Shine! Shine! Shine! Oh Sun! This is the praver of all plants. Eat! Eat! Eat! or the second law of thermo-dynamics will get you! This is Nature's command to all animals.
Such is the general significance of the third major bearing of 1 YALE JOURNAL OF BIOLOGY AND MEDICINE modem physics upon biology and medicine. We may call it the thermo-dynamical theory of life.* To thermo-dynamics as discovered by Carnot and Meyer and systematically formulated by Helmholtz, modern physics made one important addition. As originally stated, thermo-dynamics has no connection with the atoms of chemistry or physics. It is an independent branch of physical science and quite capable of formulation and verification without any assumptions concerning the existence of atoms.
In 1877, the Viennese physicist Boltzmann showed that the entropy of a given state of a system can be identified with the probability of that state. The possibility of such identification depended upon the previous development of the probability theory by the same Laplace who took part in the development of the mechanical and the chemical theories of nature. Once Boltzmann's identification of entropy with probability for a given state of a system was permitted, then thermo-dynamics took on a statistical interpretation and the second law of thermo-dynamics was rewritten to read: "Any isolated system left to itself tends toward the state of greatest probability." 'Willard Gibbs developed this statistical theory of scientific law for thermo-dynamics and attempted even, without complete success, to extend it to the whole of mechanics.
For biology, it had one important consequence. It permitted a much more rigorous distinction than chemistry proper provides for the difference between a living and a non-living system. A system is in equilibrium in Gibbs' meaning of the term when it is in a state of greatest probability or maximum entropy. Stable inorganic systems are in equilibrium in this sense. Persisting living systems are not. A satisfactory positive name for the thermodynamical status of a living system does not exist. Professor Yandell Henderson has suggested to me the need for such a positive title. I venture the expression "state of compensated mean entropy." The term "mean" expresses the fact that a living thing is not a state of equilibrium or maximum entropy. The term "compensated" expresses the fact that the second law would take the system into a state of maximum entropy, which in the case of the living organism Were we not already aware of the fundamental dependence of life upon light and the investigation of electro-magnetics which this entails, it would seem as if nothing remains but to indicate the technical ramifications of particle physics as they exhibit themselves with the intensity of the physicist's bombardment of the chemist's atoms.
* See: C. E. Guye, Physico-Chemical Evolution, Eng. Ed., London, 1925. Such, indeed, was the opinion of the physicists of the first half of the nineteenth century, as it seems to be the opinion still of most scientists and philosophers outside of physics. The second half of the nineteenth century was to bring a distinct shock to those physicists who had fallen into this easy habit of identifying the whole of modern physics with particle physics. Our own century has but served to intensify the shock to the point where it is no longer noticed, so completely is the validity of field physics taken for granted by informed physicists. The initial facts which brought this about were quite innocent in appearance.
This brings us to another young man, also a student of medicine. The place is Padua's neighboring city to the West and South, Bologna. The time is the last quarter of the eighteenth century. Our subject, Galvani, has spent a considerable portion of his life studying the anatomy of birds and frogs. One day he notes the twitch of the muscle of a frog that is suspended from an iron hook fastened to a copper bar. His curiosity is incited. He finds that if two different metals such as iron and copper are placed one on the muscle, the other on a nerve of the animal, and then brought into contact, a convulsive kick occurs. More intense observations follow. Finally, in 1792 a book appears, novel in the history of biology and medicine. It bears the title De viribus electricitatis in motu musculari commentarius. In it, the discovery of electric currents is revealed, and the basis is laid for a clear exposition of the generation and conduction of electricity for the first time.
The physicists were quick to note its significance. Volta, Professor of Physics in the University of Pavia, and later at Padua, immediately investigated the phenomenon. Soon he gained clues which enabled him to invent the electric cell that bears his name. This permitted him to produce electric currents artificially. Forthwith, they became dissociated from living things and the sole province of study of the physicist. Volta himself discovered several laws with respect to them. Ohm discovered another. Meantime, Coulomb had demonstrated that electrified bodies attract each other according to the law of inverse squares.
The suggestion was obvious. Electricity, since it obeys the same law of attraction as gravitation, must find its basis in the same atomic concepts of particle physics as do mechanics and chemistry. To the deductive mathematical proof of this supposition the French mathematical physicists Laplace, Biot, Poisson, and Ampere, together with their German colleagues Weber, Neumann, Gauss, and Helmholtz gave themselves with unstinted enthusiasm. The suggestion was confirmed. All the empirical laws of optics, electricity, and magnetism existing at the time could be deduced from the assumption of particle physics with the same rigour with which Newton and Laplace derived Kepler's laws of planetary motion in celestial mechanics.
Consider the formidable array of conquests which partide physics now has to its credit: terrestrial mechanics, celestial mechanics, chemistry, optics, electricity, magnetism. It reminds me of an oration upon Bismarck, written not by myself, which in a period of misguided enthusiasm I once delivered as school orator: "Metz, Latour, Sedan, Paris. Before the onward march of the Fatherland in arms the French went down like wheat before the sickle." Thus did every branch of early nineteenth century science capitulate before the inroads of particle physics. Atoms moving in space, related by forces acting at a distance according to the law of inverse squares, rule the universe and everything within it! Thus the battle cry rang out, as the apparently irresistable combination of experimental investigation and mathematical formulation marched on conquering every fact large or small which dared thrust its head above the surface of things to be known.
Then, of a sudden, before this oncoming overwhelming host, three young men appeared who dared stand up and shout Halt! The first, an Englishman named Henry, said: "There is the little matter of the interference of light. Interference indicates the presence of a wave phenomenon which in turn calls for continuity rather than atomicity." Fresnel in France repeated the same statement and added a reference to the polarity of light. The third, an Englishman named Faraday, said: "Look at these iron filings arranged in definite circular patterns on this sheet of paper in the presence of this magnet. This seems to indicate that the field outside the magnet is more important than your particle physics with its theory of action at a distance would lead one to expect."
The British high command met the challenge with silence. "That fellow Faraday knows no mathematics. Ignore him." The French high command met Fresnel with criticism verging upon derision. "Does he not know," they suggested, "that our mathematical derivation of optical phenomena from particle physics has established the emission theory of light, and that his wave theory does not have a leg upon which to stand? Have the French Academy offer a prize for a thorough analysis of the entire matter and dispose of him."
Curiously enough, this solitary little enemy stood his ground. More than that, he left his defenses and took to the attack. A paper by him was entered for the prize. The experimental evidence was examined with respect to both theoretical possibilities more thoroughly than ever before, with clear indications of the necessity of the wave theory. Even so, the High Command was not convinced. One of them pointed out a deductive consequence of Fresnel's theory and branded it as absurd. Check that item experimentally and Fresnel will be disposed of. One Meantime, in a crude garret of a laboratory in London, Faraday continues the pursuit of his researches, regardless of the initial frigid indifference of the experts.t In 1821 he succeeded in making a wire carrying an electric current rotate continuously around the pole of a magnet. Two years earlier Oersted in Copenhagen demonstrated an even more fundamental connection between electricity and magnetism when he caused a magnetic needle to undergo a marked deflection by merely introducing an electric current in a wire in its neighborhood. Oersted added that the deflection "is not confined to the ponderable mass of the conductor but is dispersed freely in the circumjacent space." Then in 1831 came the great discovery: By varying the intensity of a magnetic field Faraday generated an electric current in a wire in which none existed previously.
This has been termed Faraday's greatest experiment and rightly so. From it came the dynamo, the attendant commercial generation of electricity, and the electrical age in which we live. It is not an accident that the present battle between government and industry centers in the utilities. In a society existing after Michael Faraday, * J. T. Merz, History of European Thought in the Nineteenth Century. Vol. ii, Chapters vi and vii. London, 1912. t "I declare," wrote the Astronomer Royal at the time, "I can hardly imagine anyone who knows the agreement between observation and calculation based on action at a distance to hesitate an instant between this simple and precise action on the one hand and anything so vague and varying as lines of force on the other."
Quoted by Sir J. J. Thomson in Clerk Maxwell, 1831 -1931 . Cambridge, 1931 the group which controls the utilities controls the fate of men. But the greatness of Faraday's experiment centers in something much more fundamental than these practical political concerns, important as they are. Examine the experiment again. The current is generated in the wire by the mere presence of the wire in the field of the magnet without any direct contact. In short, the field or space surrounding the magnet is a causal factor determining the motion of the partides of electricity in the wire.
This suggests to Faraday that the intervening space between ponderable masses, even in a vacuum devoid of unobservable atomic matter, can no longer be conceived as mere emptiness; on the contrary, it is the locus of experimentally verifiable and quantitatively determinable forces with a definite direction and intensity at every point. Instead of starting with many particles related by forces acting in some mysterious manner instantaneously at a distance across a space consisting of mere emptiness and then deriving the field and its relatedness as the mere effect of compounding according to the law of the parallelogram of forces, as did particle physics, the idea is suggested to Faraday of taking the field, containing forces at each point, and its relatedness, and using this to locate and derive the particles and their motion. In short, field physics as opposed to particle physics is suggested.* It is not merely in a new experimental method and technology for the hands of men, but also in a new theory suggested for their minds to use in directing what the eye sees and the hand does that the greatness of Faraday's experiment consists.
Even so, the man who holds the position in field physics which Newton occupies in particle physics is not the world's greatest experimentalist, Michael Faraday, but the theoretical physicist, Clerk Maxwell. Faraday had discovered a new, if somewhat vague, hypothesis and had made it intuitively plausible, but he had not shown that it was the only theory which would take care of his experimental data. In fact, the mathematical physicists Ampere and Weber had no difficulty in showing that all the empirical laws in electricity and magnetism, excluding optics, discovered by Faraday or others in his time can be formulated mathematically and deduced from the fundamental assumptions of particle physics. This historical point merits our attention for it shows that facts alone never give verified scientific theory. It is only when the inductive experimental findings are accompanied with a deductive logical analysis of the possible theoretical ways of conceiving of the empirical facts, and this theoretical analysis has proceeded to the point where the experimental evidence is shown to be compatible with only one of the theoretical possibilities that experimentally confirmed scientific theory can be said to exist. Failure to appreciate this point and to train men in the logical and theoretical as well as in the intuitive and experimental side of scientific method is a fatal error of American, as opposed to European, science, as it is the explanation, I believe, of the fact that notwithstanding the presence in this country of at least ten laboratories and twenty experimental physicists to each one in Europe, not one of the many major theories of physics discovered in this century has come out of the United States. If facts and experiments alone make science, this is difficult to understand.
In this connection the history of modern optics and electromagnetism is very illuminating. Fresnel established field theory in optics because he supplemented his experimental data with a theoretical mathematical analysis of the possible ways of conceiving these data, which showed that it was compatible only with field theory. Faraday, the greatest experimentalist ever, with equally plausible empirical evidence, failed to establish field theory in electromagnetics because the theoretical analysis requisite to show the uniqueness of his conception of his experimental findings was lacking.* Conversely, Clerk Maxwell, the theoretical physicist, did establish field theory in electro-magnetism by adding this missing *Faraday was quite aware of this. In 185 4-, in one of his last papers, after indicating the complicated assumptions required by the particle theory of De la Rive, Faraday wrote: "These remarks are not to be understood in depreciation of hypothesis, or as objections to its right use. No discoverer could advance without it; and such exertions as those made by De la Rive, to bring into harmony thoughts which in their earlier forms were adverse to each other, are of the more value, because they are the exertions of a man who knows the value both of hypothesis and of laws, of theory and of fact, and has given proofs of the power of each by the productions of his own mind." (Experimental Researches, Vol. iii, theoretical factor. To be sure, the theoretical analysis without experiment would be equally inadequate. The point is that both must be present.
After formulating Faraday's intuitive notions mathematically and extending the resultant equations as considerations of symmetry suggest, Maxwell was able to deduce by purely formal logical reasoning not merely every empirical factor and law in electricity and magnetism previously given by particle physics but also the wave theory of light shown to be necessary by Young and Fresnel, which particle physics could not derive from its assumptions. Thus optics, electricity, and magnetism were brought under one theory and the clear supremacy of field theory was established. Furthermore, formal reasoning, applied to the assumptions of field theory, showed that a vast range of immediately unobservable electro-magnetic waves analogous to those which exhibit their presence as light must also exist. This led Hertz to devise means to detect them. Finally, in 1887, in his laboratory in Karlsruhe he found them. With this the triumph of field physics was overwhelming. Maxwell's theoretical investigations had led to the discovery of new facts. The wireless and the radio followed.
Even here the power of formal reasoning with respect to theory did not end. Maxwell deduced also that the velocity of any of these waves in vacuo must be a constant quantity. He was able also by appeal to empirical quantities already known, having no apparent connection with this velocity, to deduce its precise amount approximately. Experiment confirmed this.
It may be added that upon this fundamental constant, c, Einstein reared his special theory of relativity, and that in Einstein's special and general theories of relativity, field physics moves on, by way of the generalized electro-magnetic theory of Larmor and Lorentz, to its greatest triumph. In the last decade de Broglie in France, guided largely by theoretical considerations applied field and wave theory even to the particle. Thus wave mechanics was born. It was for the experimental confirmation of this prescription of theory that Davisson in this country and G. P. Thomson in England recently received the Nobel Prize. We can understand, therefore, why some physicists such as Einstein hope that particle physics will eventually reduce to field physics and why all physicists now know that nature at least requires field physics as well as particle physics.
Under these circumstances it would be strange indeed if field physics did not apply to a living organism, not merely in the localized muscle twitch or the temporary Berger rhythm but systematically and continuously throughout the organism as a whole. Consequently, when one of your members was led by technical biological considerations to suspect such a basis for his empirical data,* the present writer, guided by these more general but unequivocally verified conceptions from field physics, was not taking any particular risk in joining with him to propose the electro-dynamic theory of lifet before there was any direct systematic experimental evidence for it in biology. In proceeding in such a fashion we were but doing what field theory has continuously done in the past, namely, predicting the existence of facts not yet observed because they are the logical consequence of theories shown to be required by facts that have been observed. Again, field theory did not fail. It guided the experimentalists Burr, Lane, and Nims to the construction of a new apparatus,4 and when this apparatus was applied to the living organism, what theory foretold the electrodes found. § Living as well as non-living things are electro-dynamic systems. This is the fourth bearing of modern physics upon biology and medicine.
The exposition of its experimental development would be a story centering around another young man, again a member of a distinguished school of medicine. The place also is Padua's neighboring city to the West, for the time is the present and the technological applications of electro-magnetic theory have made New Haven nearer to the city where Harvey studied and Galilei taught than was Bologna in 1790. The name I need hardly mention.
Allow me instead, to direct your attention behind the man to the theory and its significance for biology and medicine. Consider the point at which electro-dynamics is forced to break from particle physics. It can be put very briefly. Maxwell has shown that from particle physics the wave equation cannot be derived. Put more concretely, this means that were nature or any system within nature nothing but the atoms which particle physics assumes, there would be no electro-magnetic waves in the universe, no radio waves, not even light. But this means also that there would be no living organisms, for particle physics itself informs us, as we have previously noted, that living creatures depend for their very existence upon energy conveyed to them from the sun by light. It is to be emphasized, consequently, that field physics which alone provides the wave equation and permits a universe containing light to exist, is demanded for the living organism by particle physics itself, when the latter, through the chemical and thermo-dynamic analyses of Lavoisier and Carnot, reveals the fundamental dependence of life upon energy and light. In a very fundamental sense, therefore, the electro-magnetic theory of life is a natural development and necessary concomitant of the mechanical, the chemical, and the thermo-dynamic theories of the living organism.
There is an even more important respect in which this is true. This becomes evident when one considers the two fundamental assumptions concerning nature which field physics has to make in order to derive the wave equation. The first of these is continuity. This appears in the mathematics of Maxwell's theory in the fact that his laws are expressed in terms of differential equations. Differential equations depend upon the process of proceeding toward a limit and are not applicable to any system or process unless for any element of the system however small it is always possible to find a smaller magnitude. Were the electro-magnetic field discontinuous or atomic in character, this would not be the case and Maxwell's differential equations would not hold for the field as experiments show they do. Hence, the need for the assumption of continuity.* The second assumption of field physics is irreducible relatedness. Let me allow Maxwell to speak for himself upon this point.
In his first famous paper on electro-magnetics, entitled On Faraday's Lines of Force, after indicating that Ampere's theory of electric currents assumes "attracting forces considered as due to the mutual action of particles," Maxwell writes "but we are proceeding upon a different principle, and searching for the explanation of the phenomenon, not in the currents alone, but also in the surrounding medium."t In other words, instead of beginning with the particles *See: Lindsay and Margenau, The Foundations of Physics, also Chapter vi. New York, 1936. t Scientific Papers, Vol. i, p. 193. related by forces acting instantaneously at a distance, and attempting to define the field and its organization by mere compounding, as does particle physics, Maxwell is forced in order to account for the existence of light and other electro-magnetic propagations in the universe, to begin with the field with its relatedness as in fact continuous and irreducible and to derive in part at least the location and motion of the charged partides in the electric current.
Furthermore, form as well as continuity is assumed for the field. Maxwell writes:* "The distribution of the currents due to these [field] forces depends upon the form and arrangement of the conducting medium." In his final paper on electro-magnetics, containing his famous equations, he adds "this medium must be so connected that the motion of one part depends upon the motion of the rest."t One might think it were a biologist talking about the type of assumption requisite for an adequate theory of biological organization.
A few pages later, when Maxwell describes his specific procedure, he is even more explicit in his designation of the relatedness of the system as in part an original irreducible causal factor determining the mechanical motions of the parts. We begin, he says, writh "the form of the relation between the motion of the parts," given in the laws of induction, and "The second result, which is deduced from this, is the mechanical action between conductors carrying currents."t At last, we have a physical theory which if it applies to a living creature, begins to make sense of the fact that it is not merely a collection of chemicals requiring energy but also an individual which is organized. The relational factor necessary to provide and in part preserve the form of the whole as well as the atomic factor necessary to account for the chemistry of the parts is at hand.
But this is not all. After his last remark Maxwell proceeds to prescribe the experimental methods for determining the quantities which define "the form of relation between . . . the parts" for any system to which field physics applies. These experimental methods and quantities are precisely those which Burr's experimental apparatus and procedure, in part at least, make possible for living organisms. Maxwell then introduces his famous equations which are defined for any system for which these quantities are experi- mentally determined. Once these equations are defined for any system, they permit one to derive the location of charges, the polarity of atoms, the division of energy for the system, and many other factors, or to use Maxwell's language, they permit one to "deduce the mechanical action." In other words, it appears from this analysis of Maxwell's original papers, to which I turned this fall, after it had been demonstrated beyond doubt by Burr and You will recall that Laplace also referred to God in connection with the equations of particle physics. The role of the Divine in the two cases is not without its significance for our theme.
Boltzmann's reference of Maxwell's equations to God represents nothing more than his desire to pay the highest tribute of which he can conceive to the genius of Clerk Maxwell. God is in no way essential to solve the equations for any system to which they are theoretically applicable. Laplace's reference of the knowledge of present positions and momenta of all the particles in the system at any given time to a Divine Providence has by no means such a purely rhetorical significance. Excellent mathematician though he was, Laplace knew very well that the prediction of the future states of the universe to the minutest detail would not have come out so neatly, in fact, it would not have come out at all, had all this information been given to Laplace rather than to the Deity, the reason being that mortal mathematicians do not yet know how to solve Newton's equations for problems involving more than two or three bodies.
It is for this reason that traditional particle physics, plausible though it seems in theory, has been of little use in practice in providing a direct workable experimental approach to the study of the living organism as an organism. In principle, if one knew the positions and momenta of the trillions upon trillions of atoms in the smallest organism, and if one had continuously at one's elbow a God willing to do the mathematical hack-work necessary to solve Laplace's equations after all these empirical constants were put into them, one would, so Laplace suggests, be able to derive the organization of a living thing as a mere by-product. Actually, however, since neither of the two essentials is at hand, the theory of biological organization of traditional particle physics is a sheer act of faith, more befitting the method of speculative transcendental theology than that of experimental science.* Maxwell's equations have the advantage, however, that when they are applied to any system the experimental quantities necessary to define them for that system can be determined by the measurement of six quantities and they can then be solved without the help of God by a human mathematician. This is an advantage for experimental biology and medicine of no mean significance. To be sure, the experimental determination of these six quantities for a living organism is by no means easy practically, but the Burr-LaneNims electrometer goes at least part way toward the realization of this possibility.
It is to be emphasized, however, that were it possible in practice to apply traditional particle theory to the living organism as a whole it would fail, for Maxwell has shown that it cannot account for light, and consequently cannot account for the organization of life. But we must also avoid going to the other extreme. The mere fact that a given theory is inadequate for certain things is no proof that it is inadequate for everything. Living organisms are none the less made up of particles even though the organization of those particles involves an additional continuous relational factor which only field physics can provide.
Field physics by itself is no more all-inclusive. Notwithstanding its scope, no one has yet succeeded in deriving the atomicity of electricity or the quantum of action from its assumptions. In short, relativity theory and quantum theory have not been reconciled, nor has the one been reduced to the other. Until this occurs, we will *This is not true of particle physics as amended by the writer in order to bring it into accord with the theory of relativity. (See: Science and First Principles, Chapters ii and iv. New York, 1931.) In fact, it was because this amended particle theory requires one to take irreducible relatedness seriously that the writer was guided, with Burr, to the electro-dynamic theory of life, and was led more recently to the discovery in Maxwell's papers of the irreducible relational factor in even pre-relativity field physics which this paper records. do well, therefore, in our biological and medical theory to conceive of the living organism, not as the province of one theory alone but as a concrete individual which embodies within itself the mechanical, chemical, thermo-dynamical, and electro-magnetic theories of life. However, because the latter theory is in part at least rigorously definable experimentally, the most manageable mathematically, and the most organic theoretically, it appears that one is more likely to keep a realistic sense of proportion amid all the local technical emphases of the other methods if he keeps them within the relational context which field physics provides.
In the last analysis, the essentially biological fact about a living organism is that it is an organism, as the most essentially medical fact about a physician's patient is that he is an individual. As such, it is not a hodge-podge of sophomore chemistry, early nineteenth century physics, and stray genes anointed with pituitary extract which presents itself, but an integration of the basic concepts and principles of all the special sciences. For this reason there can be no adequate biological or medical theory of the concrete individual until there is a verified theory of the inter-relation of the basic concepts of the sciences. But to possess such a theory is to possess an experimentally verified philosophy of science. This is the reason why your problem is also my problem, as it is the reason, long overdue, why I as a natural philosopher have ventured to investigate with you the relation of modern physics to biology and medicine.
